T he integration of IIIÀV nanowires (NWs) on silicon and germanium has excited a whole area of research and technology as it enables the integration of highly functional materials on the CMOS platform. 1À7 Although the self-organized growth of IIIÀV NWs on silicon has been intensively studied in the last years, 8À12 important issues that concern the polarity mismatch between IIIÀV NWs and the group IV substrate remain unsolved. The pioneering works of Atwater and Lewis show that nanowire arrays are at the forefront of solving the renewable energy challenge of the 21st century. 13, 14 Unfortunately, defects such as nonvertical NWs occur often and result in the deterioration of the performance of nanowire array devices such as solar cells since the nonvertical nanowires provide undesired leakage paths. 15 Only with a fundamental understanding of the elementary processes occurring at the initial stage of nanowire growth it will become possible to obtain a completely successful integration of IIIÀV nanowires on group IV substrates. It has been predicted 16 and recently demonstrated 17, 18 that NW growth is 2D nucleation limited at the liquidÀsolid interface 6 and that the nucleation takes place preferentially at the triple phase line. Consequently, the growth dynamics are highly dependent on changes in the morphology of the liquid phase, 19 which determines not only whether the structure becomes wurtzite or zinc blende 20 but also why kinking and crawling phenomena occur.
21À23
Twinning has also been revealed as an important issue, as it can lead to crystalline phase change and kinking. 24À26 The consequences for the electronic transport of the existence of twinning and a mixture in crystal phase have been demonstrated. 27 The existence of crystallographically equivalent twin boundaries with opposite polar bonding across the interface would lead to even stronger perturbations of electronic structure of the material. 28 However, the issue of polarity conservation across the twin has only been raised occasionally, mainly due to the difficulties in its determination. 29 Orthodox theories assume that the initial stage of vaporÀ liquidÀsolid (VLS) growth of nanowires takes place at the liquidÀsolid interface forming a monocrystalline seed. 17 This phenomenon is consistent with the growth of nanowires in epitaxial relation with the substrate. However, nanowires grown in other directions always appear, especially when IIIÀV materials ABSTRACT: In this paper we introduce a new paradigm for nanowire growth that explains the unwanted appearance of parasitic nonvertical nanowires. With a crystal structure polarization analysis of the initial stages of GaAs nanowire growth on Si substrates, we demonstrate that secondary seeds form due to a three-dimensional twinning phenomenon. We derive the geometrical rules that underlie the multiple growth directions observed experimentally. These rules help optimizing nanowire array devices such as solar or water splitting cells or of more complex hierarchical branched nanowire devices.
KEYWORDS: Nanowires, three-dimensional twinning, nanowire growth mechanisms, IIIÀV on silicon, epitaxy, polarity Nano Letters LETTER are grown on group IV materials such as silicon or germanium. 30, 31 Following the orthodox theory, for self-catalyzed nanowires growing always in the [111]B direction, only two types of growth orientations should be observed when grown on group IV (111) substrates. For a single seed with B polarity, i.e., an As terminated (111) surface, the nanowires should always grow vertically at 90°with respect to the substrate surface. For a single seed with A polarity, i.e., a Ga terminated (111) surface, nanowires should turn into a growth direction of 19.47°from the substrate (see S1 in Supporting Information). Our results shown here question the single crystalline nature of the seed assumed so far and impose a paradigm shift of nanowire growth. Here we present an explanation and experimental evidence of a manifold of growth directions, which are typically found to occur and which are not in direct epitaxial relation with the substrate (cf. Figure 1) . Using aberration corrected high angle annular dark field (HAADF) scanning transmission electron microscopy, we observe the polarity of the nanowire structures and the occurrence of 3D twinning at the initial stage of GaAs nanowire growth provoking nonepitaxial growth relations with the Si substrate. The results are general to the IIIÀV semiconductor family and could potentially be extended to other substrates than silicon.
GaAs nanowires were grown on a 2 in. Si(111) undoped substrate by the gallium-assisted method 32,33 using a DCA P600 MBE machine. The wafers were transferred directly from the wafer box to the MBE machine without any removal of the native oxide. Prior to growth, the substrates were degassed at 770°C for 30 min. The nanowires were obtained under rotation of 7 rpm at a temperature of 620°C under a flux of Ga equivalent to a planar growth rate of 0.3 Å/s. The V/III ratio was varied between 15 and 60. The Ga and As fluxes were opened at the same time. We used reflection high-energy electron diffraction (RHEED) in situ for the detection of the nanowire nucleation, which corresponds to the onset after which electron diffraction signal from the nanowires is obtained. This corresponds to a size of the nucleation seeds of 10À20 nm. The morphology of the samples was characterized by scanning electron microscopy (SEM). After cross sections were prepared with a focused ion beam, the structure was investigated by aberration corrected high angle annular dark field (HAADF) scanning transmission electron microscopy (STEM) imaging. 3D atomic models have been obtained by using the Rhodius software package.
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Figure 1a contains representative cross-section scanning electron microscopy (SEM) images of nanowires grown on Si(111) under a V/III ratio of 30. Under these conditions we find that 53% of the nanowires grow vertically and about 6% with a 19°a ngle growing away from the substrate and 6% with a 19°angle growing toward the substrate (the growth then often stops leading to the formation of a triangular object or it continues further following the substrate surface). Interestingly, we find that 41% of the nanowires grow in other directions that are quantized. The growth angles, which are different from 90, 19, or À19°(e.g., 34°or 51°), are inconsistent with the crystallography of a single seed. The occurrence of quantized families of angles can be observed in a more precise way in a planar view SEM image of a nanowire field, such as the one shown in Figure 1b . Typically, one would expect the nonvertical wires would form families of angles separated by 120°. Clearly, in Figure 1b one observes many more of them. In Figure 1c , we show the histogram of the NW orientations computed from À90 to 90° (  Figure 1c ). We find nine quantized orientations separated by Schematics of the two types of growth obtained. Type I refers to the cases where a direct crystallographic relation between the nanowire growth direction and the substrate is found and type II when three-dimensional twinning is found. We draw the case in which two nanowires grow from the same point (like in Figure. 3), but this does not have to be the case for type II.
about (19°from the three main peaks, instead of the three expected originally. As will be shown in the following, these angles can only be explained with the formation of multiple seeds at the initial stages of the nanowire growth, a consequence of a 3D twinning phenomenon. Experimental evidence and theoretical details of this model are presented here below.
Before we proceed with the understanding of this phenomenon and for the sake of clarity, we draw schematically the occurrence of these two types of growth in Figure 2 . The nanowires labeled as type I correspond to the ones for which there is a clear crystallographic relation between the growth direction and substrate. These are nanowires that grow perpendicularly with the substrate (seed nucleating with B polarity) and with a 19°a ngle (seed nucleating with A polarity). For nanowires type II, such relation is not clear. As it will be shown in the following, for a clear understanding of the occurrence of these other angles, one needs to analyze in great detail the crystallography at the initial phases of growth.
To discover the underlying mechanism for the different growth angles, it has been key to analyze the crystalline phase of a group of nanowires growing from the same stem and branching toward distinctly different directions (Figure 2 ). STEM-HAADF imaging was performed on a probe aberration corrected microscope (FEI Titan 60À300 kV), which allows us to analyze the elemental composition at the atomic level. A polarity analysis of the different branches of the NW seed, 35 has to our knowledge not been reported before. In Figure panels a and b of 3 , we show the existence of different grains in the seed, separated by twins at The red and yellow spheres correspond to Ga and As atoms, respectively. The polarity analyses have been performed in detail in each of the twin boundaries (for more details see S2, Supporting Information). We find twins always perpendicular to the nanowire growth axis, and we never observe a change of the polarity (orthotwins).
{111} planes. The corresponding interface exhibits 34 or 71°w
ith respect to the surface, giving rise to other grains, which we denote R, β, or γ, depending on the orientation with respect to the substrate. The power spectra of these zones obtained by calculating the fast Fourier transform (FFT) are shown in the middle of the figure, indicating the orientations. For clarity, we have marked each of the grains with different colors by using frequency filtering in the FFT. Please note that neighboring grains share at least one common (111) plane. To indicate this, we use the color "green" when "yellow" and "blue" orientations are combined as marked in the respective FFTs. Given the threedimensional aspect of the seeds, it is not straightforward to obtain the spatial orientation of the planes from an image projection from HAADF-STEM. Note that STEM is a technique with a low focus depth, typically 5À10 nm. As will be shown in the following, three-dimensional modeling of the structure is necessary for the interpretation of the measurements. Grain β exhibits a B polarity and it is the only to have an epitaxial relation with the Si substrate. The nanowire branches also grow following the B polarity, as expected from self-catalyzed GaAs nanowires. Surprisingly, although the [111]B growth direction is preserved, some of the NWs take other angles than what one would expect from a monocrystalline seed.
As we will see, twinning and further growth on the lateral facets results in the formation of secondary (multiple-order twinning) seeds that enable other [111]B crystal orientations. Its origin is related to the very first steps of the nanowire growth. The grains R on the left and right of Figure 3aÀc exhibit a 180°r otation along the [À111] direction with respect to β. This corresponds to the formation of a twin that conserves the polarity of the structure. From this twin a new crystal grain grows from the preferred [111]B direction; see Figure 1 . Now, the {111}B type facets exhibit a different position in space than the original seed. The formation of the secondary grain allows the nanowires to grow in the directions of 34°and 51°(see Figures 2 and 4) . A further twin in the grain R leads to the grain γ, separated by a twin that has an angle of 34°with the substrate.
The possibilities of creating new surfaces are extremely large as they can increase by the creation of further seed crystals attached. One can predict the novel growth directions by obtaining the mirror image of the original seed along the twin plane and conserving the polarity of the crystal along the direction perpendicular to the twin. This operation is mathematically expressed by combining the Householder reflection matrices corresponding to the four (111) planes with an inversion operation with respect to the origin
The growth orientations resulting from n-fold 3D twinning are obtained by multiplication of n times of all combinations of the matrices T j with the [111]B directions, d i , of the initial seed:
Seeds nucleating with A and B polarity with respect to the silicon surface have to be considered separately, and we suppose that polarity is conserved upon twinning. The angles that define the resulting growth directions are: R, the angle with respect to the surface and j, the angle with the in plane direction AE11À2ae when observed in planar view (from top). The calculated angles for all AE111aeB growth directions that are pointing out of the substrate surface are summarized in Table 1 up to the formation of a fourth order twinning phenomenon, for seeds with both a (111)B and (111)A polarity. We start by discussing the angles resulting from a single seed. For seeds nucleating with the (111)B polarity, vertical growth is obtained by following the direction of the nucleation seed. In this case, R is 90°and there is no j defined. If now one considers the three lateral (111)B planes of the octahedral seed, we obtain three possible growth directions with R = À19.47°. Each one of these three lateral facets will exhibit one of the planar angles with j = 60°, 180°, and 300°. In contrast to this, considering a seed with a (111)A oriented octahedron, vertical growth is not possible. There are three lateral (111)B facets facing up at 19.47°versus the horizontal from the substrate with j = 0°, 120°, and 240°, respectively. For higher order 3D twinning, the options for growth directions increase in a potential way. By measuring R and/or j, it is possible to identify the threedimensional twinning type. The origin of the growth angles different than 90, 19.47, or À19.47°(e.g., 34°or 51°) is inconsistent with the crystallography of a single seed and can only be explained with a 3D twinning phenomenon. For example, the R = 34 Nano Letters LETTER and 51°angles correspond to second order seeds created by the 3D twinning. Also, we can come back to the histogram in Figure 1c . The three main peaks at 0 and (60°correspond to nanowires growing in R = (19.45°, from first generation seeds. The other quantized directions are mainly found at a distance Δj of (19°from the main peaks. According to Table 1 , these angles correspond to nanowires growing from second generation seeds, with R = 33.75°. Although both the cross section and top view analysis are correct, the latter is much less subject to errors than cross-section measurements and allows for the realization of a statistical quantification in an easier way.
Finally, we discuss the occurrence of vertical, horizontal, and kinked nanowires as a function of the growth conditions. We find that the primary reason for the various nanowire orientations is related to the change in the size of the Ga droplet at the initial stage of the nanowire growth. We observe that by varying the V/III ratio from 15 to 60, with the Ga rate remaining the same, the incubation time varies from 2 min to 20 s. This increase in the nucleation time must result in a larger Ga droplet, meaning that changes in the relative size of the Ga droplet at the initial stages of growth can be controlled by varying the V/III ratio 20 and temperature. It is especially important to control the size of the Ga droplet at the initial stages of growth where the seed(s) is(are) being formed. The Ga droplet increases rapidly in size, favoring the formation of new {111} facets. In the case of a multiple-order twinned seed, the droplet can fall over to the side and be kinked. Even horizontal growth can occur. We find that lowering the V/III ratio results in a broadening of the histograms due to the occurrence of third order twinning, while on increasing the V/III ratio to 60 the second order twinning disappears (see S3, Supporting Information). To prohibit multiple-order twinning, it is therefore key to implement a high V/III ratio at least at the initial stage of growth and to keep the droplet size small enough. Very preliminary experiments indicate that 100% vertical wires are obtained when the Ga droplet is as small as ∼10 nm.
In conclusion, we have found that polycrystalline seeds can occur at the initial stages of nanowire growth. The polycrystalline seed is formed by a three-dimensional twinning process. By taking into account the polarity, we deduce the geometrical rules leading to multiple-order 3D twinning, which are consistent with experimental results. These results are important for the reproducible integration of self-catalyzed IIIÀV nanowires on group IV substrates. Moreover, this work opens the avenue for controlling the degree of complexity of nanowire networks. The understanding provided here gives a clear pathway of how to obtain fully vertical nanowire arrays, which would dramatically improve nanowire array devices such as solar or water splitting cells. Additionally, it shows how more complex branched nanowire structures could be grown, which can be useful for other 
